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^ (54) Title: AN ULTRALOW DIELECTRIC CONSTANT MATERIAL AS AN INTRALEVEL OR INTERLEVEL DIELECTRIC 
^ IN A SEMICONDUCTOR DEVICE, A METHOD FOR FABRICATING THE SAME, AND AN ELECTRONIC DEVICE CON- 
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2 (57) Abstract: A method for fabricating a thermally stable uliralow dielectric constant film comprising Si, C, O and H atoms in a 
^ parallel plate chemical vapor deposition process utilizing plasma enhanced chemical vapor deposition ("PECVD") process is dis- 
^ closed. Electronic devices containing insulating layere of thermally stable ultralow dielectric constant materials that are prepared by 
® the method are fiirther disclosed. To enable the fabrication of thermally stable ultralow dielectric constant film, specific precursor 
Q materials are used, such as, cyclic siloxanes and organic molecules containing ring structures, for instance, tetiamethylcycloterasilox- 
ane and cyclopentene oxide. To stabilize plasma in the PECVD reactor and thereby improve unifomiity of the deposited film, CO2 
is added to TMCTS as a carrier gas, or CO2 or a mixture of CO2 and O2 are added to the PECVD reactor. 
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5 AN TJLTRALOWDIELECimC CONSTANT MATERIAL AS AN 

INTRALEVEL ORINTERLEVEL DIELECTRIC IN A SEMIGONDUCTOR 
DEVICE, A METHOD FOR FABRICATING THE SAME. AND AN 
ELECTRONIC DEVICE CONTAINING THE SAME 

10 BACKGROUND OF THE PJVENTION 

Technical Field of the Inveation 

The present invention generally relates to a method for fabricating a dielectric material 
1 5 that has an ultralow dielectric constant (or ultralow-k) associated therewith and an 
electronic device containing such a dielectric material. More particularly, the present 
invention relates to a method for fabricating a thmnally stable nltralow-k film for use as 
an intralevd or interievel dielectric in an ultra-large-scale integration CTTLSr*) back-end- 
of-the-line ('TBEOU') wiring structure and an electronic stmcture formed by such 
20 method. 

Description of the Prior Art 

The continuous shrinking m dimensions of electronic devices utilized in ULSI circuits in 
recent years has resulted in increasing the resistance of the BEOL metallization as well as 

25 increasing the capacitance of the intralayer and interlayer dielectric. This combined 
effect increases signal delays in ULSI electronic devices. In order to* improve the 
switching performance of future ULSI circuits, low dielectric constant (k) insulators and 
particdarly those with k significantly lower than silicon oxide are needed to reduce the 
capacitances. Dielectric materials (i.e., dielectrics) that have low-k values have been 

30 commercially available. For instance, one such material is polytetrafluoioethyleae 
('TTFE"), which has a k value of 2.0. Howeva:, these dielectric materials are not 
thermally stable when exposed to temperatures above 300-350*^0. Integration of these 
dielectrics in ULSI chips requires a thermal stability of at least 400^C. Consequently, 
these dielectrics are rendered useless during integration. 
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The low-k materials that have beea considered for ^plications in ULSI devices indude 
polymos containing Si, C, 0, such as methylsiloxane, methylsilsesquioxanes, and other 
organic and inorganic polymers. For instance, a paper (N. Hacker et al "Properties of 
new low dielectric constant spin^on silicon oxide based dielectrics." Mat. Res. Soc. 
5 Symp, Proc. 476 (1997): 25) described materials that appear to satisfy the thermal 

stability requirement, even though some of these materials propagate cracks easily when 
reaching thicknesses needed for integration in the interconnect structure when films are 
prepared by a spin-on technique. Furthemiore, the precursor materials are high cost and 
prohibitive for use in mass productioa In contrast to this, most of the fabrication steps of 

10 yery-large-scale-integration CVLSI") and ULSI chips are carried out by plasma 

enhanced chemical or physical vapor deposition techniques. The ability to fabricate a 
low-k material by a plasma enhanced chemical vapor deposition (*TECVD") technique . 
using readily available processing equipment will simplify the material's integration in 
the manu&cturing process, reduce manufacturing cost, and create less hazardous waste. 

15 A co-pending application (Hydrogenated Oxidized Silicon Carbon Material, U.S. Serial 
No. 09/107,567, filed on June 19, 1998) assigned to the common assignee of the present 
invention and incorporated herein by reference in its entirety, described an ultralow 
dielectric constant material, consisting of Si, C, O and H atoms, having a dielectric 
constant not more than 3 .6, and exhibiting very low crack propagation velocities. 

20 

Another co-pendinjg application (Multiphase Low Dielectric Constant Material and 
• Method of Deposition, U.S. Serial No. 091/320,495, filed on May 16, 1999) assigned to 
the common assignee of the present invention and incorporated herein by reference in its 
entirety, described a dual-phase material, consisting of a matrix composed of Si, C, O, 
25 and H atoms, a phase composed of mainly C and H atoms, and having a dielectric 
constant of not more than 3 .2. It should be noted that continued reduction of the 
dielectric constant of such materials will fiirtho: improve the performance of electronic 
devices incorporating such dielectrics. 

30 In view of the foregoing, there is a continued need for developing a dielectric material 
that has a dielectric constant of not more than about 2.8 and inhibits cracking. 
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SUMMARY OF THE PfVENTION 

It is therefore an object of the presmt invention to provide a mdhod for fabricating an 
ultralow dielectric constant material having a dielectric constant of not more than about 
_ 5 _ More preferably, the dielectric constant for the ultialo w-k material is in a range of 
about 1 .5 to about 2.5, and most preferably, the dielectric constant is in a range of about 
2.0 to about 2.25, It shoiddbe noted that aU dielectric constants are relative to a vacuum 
unless otherwise specified, 

10 It is another obj ect of the present invention to provide a method for fabricating an 

ultralow dielectric constant material comprising Si, O and H atoms from a mixture of 
at least two precursors, wherein a first precursor is selected from molecules with ring 
structures comprising SiCOH components and a second precursor is an organic molecule 
selected from the group consisting of molecules with ring stmctures. 

15 

It is a further object of the present inveation to provide a method for fabricating an 
ultralow dielectric constant film in a parallel plate plasma enhanced chemical vapor 
deposition ("PECVD'O reactor, 

20 It is yet a further object of the present invention to provide an improved method for 

fabricating an ultralow dielectric constant material by depositing a film on a substrate in 
the presence of CO2 or CO2 and O2, thereby improving unifomiity of the deposited film 
as well as stabilizing the plasma within the PECVD reactor. 

25 It is another object of the present invmtion to provide a method for fabricating an 
ultralow dielectric constant material for use in electronic structures as an intralevel or 
interlevel dielectric in a back-end-of-the4ine ('*BEOL") interconnect stmcture. 

It is yet another object of the present invention to provide a thmnally stable ultralow 
30 dielectric constant material that has low internal stresses and a dielectric constant of not 
higher than about 2.8. More preferably, the dielectric constant for the ultralow-k material 
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' is in a range of about 1.5 to about 2.5 and, most preferably, the dielectric constant is in a 
range of about 2.0 to about 225. 

It is still another object of the present invention to provide an electronic structure 
5 incorporating layers of insulating materials as intralevel or intorlevel didectrics in a back- 
end-of-the-line ('TBEOL") wiring structure in which at least two of the layers of 
insulating materials comprise an ultralow dielectric constant material of the present 
invention. 

10 It is yet a further object of the present invmtion to provide an electronic structure, which 
has layers of the inventive ultralow dielectric constant material as intralevel or interlevel 
dielectrics in a back-end-of-the-line (*3EOL") wiring structure and which fiirfher 
contains at least one dielectric cap lay^ as a reactive ion etch CUBE") mask polish stop 
or a difiusion barrier. 

15 

In accordance with the present invention, there is provided a method for fabricating a 
thermally stable dielectric matoial that has a matrix comprising Si, C, O, and H atoms 
and an atomic level nanoporosity. In a preferred embodiment, the dielectric material has 
a matrix that consists essmtially of Si, C, O, and H. The present invention fiirfher 

20 provides a method for fabricatuag the dielectric material by reacting a first precursor gas 
comprising atoms of Si, C, O, and H and at least a second precursor gas comprising 
atoms of C, H, and optionally O, F and N in a plasma enhanced chemical vapor 
deposition CTECVD*') reactor. The present inventiori yet further provides for mixing the 
first precursor gas with CO2, or mixing the first and second precursor gases with CO2 and 

25 O2, thereby stabilizing the plasma in the PECVD reactor and improving the unifomaity of 
. the dielectric fihn deposited on the substrate. The present mvention still further provides 
an electronic structure (i,e., substrate) that has layers of insulating materials as intralevel 
or interlevel didectrics used in a back-end-of-the-line CTBEOL") wiring structure, 
wherdn the insulating material can be the ultralow-k film of present inveatioa 

30 
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In a preferred embodunent, there is provided a method for fabricating a thetmally stable 
tiltralow dielectric constant (nltralow-k) film comprising the steps of: providing a plasma 
enhanced chemical vapor deposition CTECVD*') reactor; positioning an electronic 
structure (i.e., substrate) in the reactor, flowing a first precursor gas comprising atoms of 
5 Si, C, O, and H into flie reactor; flowing a second precursor gas mixture comprising ' 
atonois of C, H and optionally O, F and N into the reactor; and depositing an ultr^o w-k 
film on the substrate. The depositing step may be performed in the presence of CO2 or 
CO2 and O2. Preferably, the first precursor is selected from molecules with ring 
structures comprising SiCOH components such as 1, 3, 5, 7-tetramethylcyclotetrasiloxane 

].0 CTMCTS" or "C4Hi604Si4")- The second precursor may be an organic molecule 
selected from the group consisting of molecules with ring stmctures, preferably with 
more than one ring present in the molecule. Especially useful, are species containing 
fused rings, at least one of which contains a heteroatom, preferentially oxygen. Of these 
species, the most suitable are those that include a ring of a size that imparts significant 

15 ring strain, namely rings of 3 or 4 atoms and/or 7 or more atoms. Particularly attractive, 
are members of a class of compounds known as oxabicycUcs, such as cyclopeutene oxide 
("CPO"or"C5H80"). 

Optionally, the deposited film of the present invention can be heat treated at a 
20 temperature of not less than about 300°C for a time paiod of at least about 025 hour. 

The method may further comprise the step of providing a parallel plate reactor, which has 
a conductive area of a substrate chuck between about 300 cm^ and about 700 cm^, and a 
gap between the substrate and a top electrode between about 1 cm and about 10 cm, A 
high fi:equenqr RF powo: is applied to one of the electrodes at a fiequency between about 
25 12 MHZ and about 15 MHZ. Optionally, an additional low frequmcy power can be 
applied to one of the electrodes. The heat-treatmg step may fiarther be conducted at a 
temperature not higher than about 300°C for a first time period and then at a temperature 
not lower than about 380°C for a second- time period, the second time period being longer 
than the first time period. The second time period may be at least about 1 0 times the first 
30 time period. 
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The deposition step for the ultralpw dielectric constant fibn of the present invention may 
fiirtha comprise tiie steps ot setting the substrate temperature at betwe^ about 25^C and 
about 400^C; setting the high fiequency RF power density at between about 0.05 W/cm^ 
and about 2.0 W/on^; setting the first precursor flow rate at between about S seem and 

5 about 1000 seem; setti ng the flow rate of the second precursor between about 5 seem and 
about 1000 seem; setting the reactor pressure at a pressure between about 50 mTorr and 
about 5000 mTorr; and setting the high frequency RF power between about 15 W and 
about 500 W. Optionally, an ultralow frequency power may be added to the plasma 
between about 10 W and about 300 W. When the conductive area of the substrate chuck 

1 0 is changed by a factor of X, the RF power applied to the substrate chuck is also changed 
by a factor of X. 

In anothesr preferred embodiment, thare is provided a method for fabricating an ultralow- 
k film comprising the steps of: providing a parallel plate type chemical vapor deposition 
1 5 reactor that has plasma enhancemmt; positioning a pre-processed wafer on a substrate 
chuck which has a conductive area of between about 300 cm^ and about 700 cm^ and 
maintaining a gap between the wafer and a top electrode between about 1 cm aixd about 
10 cm; flowing a first precursor gas comprising cyclic siloxane molecules into the 
reactor, flowing at least a second precursor gas comprising organic molecules with ring 
20 stmchires including C, H and O atoms; and depositing an ultralow-k fihn on the wafer. 
The depositing step may be performed in presence of CQ2 or CO2 and O2. The process 
may further comprise the step of heat-treating the film after the deposition stq> at a 
temperature of not less than about 300*^0 for at least about 0.25 hour. The process may 
further comprise the step of applying a RF power to the wafer. The heat-treating stqp 
• 25 may flirther be conducted at a temperature of not higher than about 300°C for a first time 
paiod and thm at a temperature not lower than about 380*^0 for a second time pmod, the 
second time period being longer than the first time period. The second time period may 
be at least about 1 0 times the first time poiod. 

30 The cyclic siloxaae precursor utilized can be tetrametiiylcyclotetrasiloxane CTMCTS") ! 
and the organic precursor can be cyclopentene oxide ("CPO"). The deposition.step for 
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the ulttalow-k film may furftier comprise the steps o£ setting the wafer temperature at 
between about 25°C and about 400°C; setting a RF power density at between about 0.05 
W/cm^ and about 2.0 W/cm^; setting the flow rate of the cyclic siloxane between about 5 
seem and about 1000 seem; setting the flow rate of the organic precuisor between about 5 
5 scan and about 1000 seem; and setting the pressure reactor at b^een about 50 mTorr 
and about 5000 mToir. Additionally, the deposition step may further comprise setting a 
flow ratio of qrclopentene oxide to tetramethyic^clotetrasiloxane to between about 0.1 
and about 0.7, preferably between 0.2 and 0.4. The conductive area of the substrate 
chuck can be changed by a fector X, which leads to a change in RF power by the same 
10 fectorX 

In still another preferred embodiment, there is provided a metbod for fabricating a 
thermally stable ultralow-k dielectric fihn comprising the steps of: providing a plasma 
enhanced chemical vapor deposition reactor of a parallel plate typ^, positioning a wafer 

15 on a substrate chuck that has a conductive area between about 3 00 cm^ and about 700 
cm^ and maintaining a gap between the wafer and a top electrode between about 1 cm 
and about 10 cm; flowing a precursor gas mixture of a cyclic siloxane wiUi a cyclic 
.organic molecule into the reactor over the wafer, wiuch is kept at a temperature between 
about room temparature and about 400°C and preferably between about 60°C and about 

20 200°C, at a total flow rate between about 25 seem and about 500 seem while keeping the 
reactor pressure at between about 1 00 mTon: and about 5000 mTorr; depositing a 
dielectric film on the wafer under a RF power density between sOjout 0.25 W/cm^ and 
about 0.8 W/cm^; and annealing the ultralow-k fihn at a temperature of not less than 
about 300°C for at least about 0.25 hour. The depositing may be perfeimed m flie 

25 presence of CO2 or CO2 and O2. The inventive method may further comprise the step of 
annealing the fikn at a temperature of not higher than about 300»C for a first tkneperiod 
and then at a temperahire not lower than about 380°C for a second tune period, wherdn 
the second time period is longa: than the first tuneperiod. The second tune period may 
be set at least about 10 times the first timeperiod. The cyclic siloxane precursor can be 

30 tetramethylcyclotetrasiloxaneCTMCTS'OandthecycUcorgamcprecu^ 
cyclopaitene oxide ("CPO"). 
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The present invention is further directed to an electronic structure which has layers of 
insulating materials as intralevel or interlevel dielectrics in a back-end-of-the-line • 
(*TBEOL*0 interconnect structure which includes a pre-processed semi-conducting 
substrate that has a first region of metal embedded in a first layer of insulating material, a 

5 first region of conductor embedded in a second layer of insulating material of the 

inventive ultralow-k dielectric, the ultralow-k dielectric comprising Si, C, 0 and H, and a 
multiplidty of nanom^er-sized pores, and having a dielectric constant of not more than 
about 2,8, the second layer of insulating material being in intimate contact with the first 
layer of insulating material, the first region of conductor being in electrical 

1 0 communication with the first region of metal, and a second region of conductor being in 
electrical communication with the first region of conductor and being embedded in a 
third layer of insulating material comprising the inventive ultralow-k dielectric, the third . 
layer of insulating material being in intimate contact with the second layer of insulating 
material. The dectronic structure may fiarther comprise a didectric cap layer situated in- 

1 5 between the second layer of insulating material and the third layer of insulating material. 
The electronic structure may fiarther comprise a first dielectric cap Isy&c between the 
second layer of insulating material and the third layer of insulating material, and a second 
dielectric cap layer on top of flie thnd layer of insulating material. 

20 The dielectric cap material can be selected from silicon oxide, silicon nitride, silicon 
oxynitride, a refractory metal silicon nitride (wherein the refractory metal is selected 
fix)m the group consisting of Ta, Zr, Hf and W) silicon carbide, carbon doped oxide or 
SiCOH and their hydrogenated corrq)ounds. The first and the second dielectric cap layers 
may be selected from the same grovp of dielectric materials. The first layer of insulating 

25 material may be silicon oxide or silicon nitride or doped varieties of these materials, sudi 
as phosphoms silicate glass CTSG'O or boron phosphorus silicate glass CT3PSG"). The 
electronic stmcture may fiirther include a difiiision barrier layer of a dielectric material 
deposited on at least one of the second and third layers of insulating material. The 
electronic stmcture may further comprise a dielectric on top of the second layer of 

30- instating material, which acts as a reactive ion etch CIUE") hard mask and polish stop 
layer and a dielectric difiusion barrier layer on top of the dielectric RIE hard mask and 
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polish stop layer. The electronic structure may furflier comprise a first dielectric RIE 
hard mask^olish-stop layer on top of the second layer of insulating material, a first ■ 
dielectric RIE hard mask/difiusion barrier layer on top of the first dielectric polish-stop 
layer, a second dielectric RIE hard mask/polisb-stop layer on top of the third layer of 
5 insulating niaterial, and a second didecWcdi^ 

dielectric polishrstop layer. The electronic structure may ftirther comprise a dielectric 
cap layer of same materials as mentioned above, between an interlevel dielectric of 
nltralbw-k dielectric and an iiitralevel dielectric of idtralow-k dielectric. . 

10 BRIEF DESCRIPTION OF THE DRA WINGS 

The foregoing objects, features and advantages of the present invention will become 
apparent fix)m &e following detailed description and the appended drawings in which: 

1 5 Figure 1 depicts the general electronic structure of a bicyclic ether, also known as a 
oxabicyclic, which is a preferred compound for the second precursor. In this genraal 
schematic, the compomd includes two rings, one of which contains an oxygen atom. 
The size of each ring is determined by tiie number of repeating methylene groups in each 
cycle, m and n. Iq a highly preferred case of cyclopentene oxide, m = 0 and n = 2. 

20 

Figure 2 depicts the general electronic structure of an unsaturated bicyclic ether, also 
known as a unsaturated oxabicyclic, which is apreferred compound for the second 
precursor. In this general schanatic, the compound includes two rings, one of wMdi 
contains an ojgrgen atom. The size of each ring is detomined by the number of repeating 
25 methylene groiq)s in each cycle, 1, m and n. The positionof the unsaturated bond is 

determined by m and a In the example of 9-oxabic>4o[6.1 .0]non-4-ene, 1 =» 0, m = 2 and 
n = 2. 

Figure 3 depicts a cross-sectional view of a parallel plate chemical vapor deposition 
30 reactor according to the present inventioa 
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Figure 4 depids a Fourier Transform Infrared {'TTTSC) spectrum obtained from a SiCOH 
film deposited from a mixture of tetramethylcyclotetrasiloxane C*TMCTS") and He, ■ 

Figure 5 depicts a FTIR spectrum obtained from the inventive ultralow-k material 
5 deposited from a mixture of TMCTS+He and cyclopentene oxide according to the present 
invention. 

Figure 6 depicts an enlarged, cross-sectional view of an electronic device having an 
intralevel dielectric layer and an interlevel dielectric layer of ultralow-k material 
1 0 according to the present inventioiL 

Figure 7 depicts an enlarged, cross-sectional view of the electronic stmcture of Figure 2 
having an additional difrusion barrier dielectric cap layer on top of ultralow-k material 
film according to the present invention. 
15 . 

Figure 8 depicts an enlarged, cross-sectional view of the electronic stmcture of Figure 3 
having an additional RIE hard mask/polish-stop dielectric cap layer and dielectric cap 
difEiision barrier on top of the polish-stop lay^ according to the present invention. 

20 Figure 9 depicts an enlarged, cross-sectional view of the electronic stmcture of Figure 4 
having additional RIE hard mask/polish-stop dielectric layers on top of the intorlevel 
ultralow-k matedal film according to the present invention. 

DETAILED DESCREPTION OF THE 
25 PREEERRED EMBODIMENTS OF THE INVENTION 

The present invention discloses a method for fabricating a themially stable ultralow 
dielectric constant film in a parallel plate plasma enhanced chemical vapor deposition 
('TECVD") reactor. The material disclosed in the preferred embodiment contains a 
30 • matrix of a hydrogenated oxidized silicon carbon material (SiCOH) comprising Si, C, O 
and H in a covalently bonded network and having a dielectric constant of not more than 
about 2.8, which may further contain molecular scale voids, approximately 0.5 to 20 
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nanomder in diamder, further reducing the dielectric constant to values below about 2.0. 
More preferably, the dielectric constant for the ultralow-k fihn is in a range of about l .5 
to about 2.5, and most preferably the dielectric constant is in a range of about 2.0 to about 
2.25. To produce an ultralow-k thermally stable film, a specific geometry of the 
5 dq)Ositionreactor with spec ific growth conditions is necessary. For instance, in the 
parallel plate reactor, a conductive area of flie substrate chuck should be between about 
300 cm^ and about 700 cm^, with a gap between the substrate and a top electrode between 
about 1 cm and about 10 cm. A RF power is applied to the substrate. In accordance with 
the present invention, the ultralow dielectric constant film is formed firom a mixture of a 

10 cyclic siloxane precursor such as TMCTS and a second precursor, which is an organic 
molecule, selected firom the group consisting of molecules with ring stmctures, such as 
cyclopentene oxide, in a specifically configured reaction reactor under specific reaction 
conditions. In accordance with another embodiment of the present invention, the 
ultralow dielectric constant film may be formed in presence of CO2 or CO2 and O2. The 

1 5 low dielectric constant fihn of the present invention can fiarfher be heat treated at a 

temperature not less than about 300°C for at least about 0.25 hour to redxice the dielectric 
constant During this heat treatment step, molecule firagments derived firom the second 
precursor gas (or gas mixtuie) comprising carbon and hydrogen and q)tionally oxygen 
atoms may thermally decompose and may be converted into smaller molecules which are 

20 released firom the fihn. Optionally, finrther development of voids may occur in the film 
by the process of conversion and release of the molecule firagments. The film density is 
thus decreased. 

The present invention provides a method for preparing a material that has an ultralow 
25 dielectric constant, i.e., lower than about 2.8, which is suitable for integration in a BEOL 
wiring structure. More preferably, the dielectric constant for the mventive ultralow-k 
fihn is in a range of about 1.5 to about 2.5 and, most preferably, the dielectric constant is 
in a range of about 2.0 to about 2.25. The uiventive fihns can be prepared by choosing at 
least two siiitable precursors and a specific combination ofprocessingpaiameters as 
30 desaibed herdn below. Preferably, the first precursor is selected from molecules with 
ring structures comprising SiCOH components such as 1,3,5,7- 
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tetramethylcyclotdrasiloxane (TMCTS or C4Hi604Si4) or octajnefliylcyclotetrasiloxane 
(OMCTSorC8H2404Si4). More generally, the first precursor is of a class of cyclic • 
alkylsiloxanes comprising a ring structure including an equivalent number of Si and O 
atoms bonded in an altemating fiashion to which alkyl groups (such as methyl, ethyl, 
5 propyl or higher or branched analogs as well as cyclic hydrocarbons such as cyclopropyl, 
* cyclopKityl, cyclohexyl, and higher analogs) are covalently bonded to at least one of the 
silicon atoms, including the cases where all the silicon atoms have two alley! groups 
attached. Such alkyl groups may be similar or dissimilar. Additionally, the silicon atoms 
pf such cyclic siloxanes may be bonded to hydrogen, in which case these compounds 
1 0 may be considered partially alkylated hydroSiloxanes. 

The second precursor may be chosen from organic molecules, containing C, H, and O . 
atoms and containing at least one ring, that have suitable volatility such that they may be 
introduced to the deposition reactor as a vapor by manipulation of temperature and 

1 S pressure. Additionally, other atoms sudi as N, S, Si, or halogens may be contained in the 
precursor molecule. Additionally, more than one ring may be present in tibe precursor 
molecule. Especially useful, are species containing fused rings, at least one of which 
contains a heteroatom, preferentially oxygen. Of these species, the most suitable are 
those that include a ring of a size that imparts signiificant ring strain, namely rings of 3 or 

20 4 atoms and/or 7 or more atoms. Particularly attractive, are members of a class of 

compounds known as oxabiQ^clics. Among the readily available examples of these, are 

6- oxabicyclo[3.1 ,0]hexane or cyclopentene oxide (bp = 1 02*'C at 760 mm Hg); 

7- oxabi(q^clo[4.1 .Ojheptane or cyclohexene oxide (bp = 129*^0 at 760 mm Hg); 
9-oxabicyclo[6.1 .OJnonane or cyclooctene oxide (bp = 55°C at 5 mm Kg); and 

25 7-oxabicyclo[2.2.1]heptaneor 1,4-epoxycyclohexane (bp = 119**C at 713 mm Hg). More 
generally, species that fit the formula shown in Figiire 1 may be considered suitable. 

Additionally, the second precureor may have some degree of unsaturation as in 
9-oxabicylo[6.L0]non-4-ene (bp = 195''C at 760 mm Hg) or compounds of the general 
30 . structure shown in Figure 2. Furthermore, the second precursor may have additional 
functionalities including, but not limited to: ketones, aldehydes, amines, amides, imides. 
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ethers, esters, anhydrides, carbonates, thiols, thiorfhers and the like, as in 
7-oxabicyclo[4.L0]heptanr2-one (bp = ITC at 15 nrniHg) and 
3-oxabicyclo[3.1 .0]hexane-2,4-dione (bp = lOO^C at 5 mmHg). 
Furthemore, the first precursor may further be mixed with CQ2 as a carrier gas or the 
5 ^ firat j|nd second precursor gases may be mixed with CO2 or a mixture of CO2 and O2 in 
the PEGVD reactor. The addition of CO2 to the first precursor as a carrier gas, or the 
addition of CO2 or a mixture of CO2 and O2 to the first and second precursors in the 
PECVD reactor provides a stabilizing effect on plasma in the PECVD reactor and 
improves the uniformity of the fihn deposited on the substrate. When CO2 is admixed 
10 with the first and second precursors, the amount of CO2 may be fi*om about 25 seem to 
about 1000 seem, and more preferably fi-oin about 50 seem to about 500 seem. When a 
mixtuie of CO2 and O2 is admixed with the first and second precursors, the amount of 
CO2 admixed may be firom about 25 seem to about 1 000 seem and the amount of O2 
admixed may be fi-om about 0.5 seem to 50 seem. More preferably, the amount of CQ2 is 
15 firom about 50 seem to about 500 seem and the amount of O2 is fix)m about 1 seem to 
about 30 seem. 

As shown in Figure 3, parallel plate plasma enhanced chemical vapor deposition 
OTECVD) reactor 1 0 is the type used for processing 200 mm wafers. The inner 
diameter, X, of the reactor 10 is approximately 13 indies, while its height, Y, is 
approxunately 8.5 inches. The diameter of substrate chuck 12 is approximately 10,8 
inches. Reactant gases are introduced into reactor 10 through a gas distribution plate 
("GDP") 16 that is spaced apart from substrate chuck 12 by a ggqp Z of about 1 inch, and 
are exhausted out of reactor 10 throu^ a 3-inch exhaust port 1 8, RF power 20 is 
connected to GDP 16, which is electrically insulated from reactor 10, and substrate chuck 
12 is grounded. Forpracticalpuiposes, all other parts of the reactor are grounded. In a 
different embodiment, RF power 20 can be connected to substrate chuck 12 and 
transmitted to substrate 22. In this case, the substrate acquires a negative bias, whose 
value is dependent on the reactor geometry and plasma jparameters. In anoth^ 
embodiment, more than one electrical power supply can be used. For instance, two 
power supplies can operate at the same RF frequency, or one may operate at a low 
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frequency and one at a high frequency. The two power supplies may be connected both 
to the same electrode or to separate electrodes. In another embodiment, the RF power 
siq)ply can be pulsed on and off during deposition. Process variables controlled during 
. deposition of the low-k films are RF power, precursor mixture and flow rate, pressure in 
5 reactor, and substrate temperature. 

Surfaces 24 of reactor 10 may be coated .with an insulating coating material. For 
instance, one specific type of coating is applied on reactor walls 24 to a thickness of 
several mils. Another type of coating material that may be used on substrate chuck 1 2 is 
a thin coating of alumina or other insulator resistant to etching with an oxygen plasma. 
1 0 The tempoature of the heated wafer chuck controls the substrate temperature. 

In accordance the presmt invention, suitable first and second precursors and specific 
combination of processing parameters described herein above are employed such ttiat the 
inventive ultralow-k material prepared preferably comprises: between about 5 and about 
15 40 atomic percent of Si; between about 5 and about 45 atomic percent of C; between 0 
and about 50 atomic percent of O; and between about 10 and about 55 atomic percent of 
H. 

The main process variables controlled during a deposition process for a fihn are the RF 
20 power, the flow rates of the precursors, flow rate of CQ2, or flow rates of CO2 and O2, the 
reactor pressure and tiie stibstrate temperature. Provided herein below are several 
examples of deposition of films utilizing a first precursor tetramethylcyclotetrasiloxane 
(TMCTS) and a second precursor cyclopentene oxide as well as deposition of 

films in presence of CO2 or CO2 and O2, according to the present invention. In the 
25 examples. 1 -2, the TMCTS precursor vq)ors were transported into the reactor by using He 
as a carrier gas, while in the examples 3, the TMCTS was transported by a liquid delivery 
• systm. In the examples 5-7, the TMCTS precursor vapors were transported into the 
reactor using CO2 as a carrier gas, while in the example 8, the TMCTS was transported . 
by a liquid delivery system. Optionally, the films were heat treated at 400°C after 
3 0 deposition to reduce k. 
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It should be emphasized fliat the fabrication method according to the present invention is 
only possible by utilizing a deposition reactor that has a specific geometry with uniquely 
defined growth conditions. When a reactor of different geometry is used under the 
defined growth conditions, flae films produced may not achieve the xdtralow dielectric 
5 constant For instance, the paralleljlate reactor according to the present invention should 
have an area of the substrate chuck of b^een about 300 cm^ and iabout 700 cm^, and 
preferably between about 500 cm^ and about 600 cm^. The gap betwem the substrate and 
the gas distribution plate (or top electrode) is between about 1 cm and about 10 cm, and 
preferably between about 1 .5 cm and about 7 cm. A RF power is applied to one of the 
10 electrodes at a &€qmicy between about 12 MHZ and about 15 MHZ, and preferably at 
about 13.56 MHZ. A low firequency, below 1 MHz, power can optionally be applied at 
the same electrode as the RF power, or to the opposite electrode at a power density of 0 
to 0.3 W/cml 

15 The deposition conditions utilized are also critical to enable a successful implementation 
of the deposition process according to the present invention For instance, a wafer 
temperature of between about 25°C and about 325°C, and preferably of between about 
60°C and about 200^C is utilized. A RF power density between about 0,05 W/cm^ and 
about 1 .0 W/cm^, and preferably between about 0.25 W/cm^ and about 0.8 W/cm^ is 

20 utilized. A reactant gas flow rate of TMCTS between about 5 seem and about 1000 
seem, and preferably between about 25 seem and about 200 seem is utilized. A reactant 
gas flow rate of CPO between about 5 seem and about 1 000 seem, and preferably 
between about 10 seem and about 120 seem is utilized. A total reactant gas flow rate of 
TMCTS-COi, where CO2 is used as a carrier gas is fi-om about 25 seem to about 1000 

25 seem, flow rates for CO2 and O2 mixture are respectively from about 25 seem to 1 000 
scorn for CO2 and from about 0.5 seem to about 50 seem for O2, and flow rate for CO2 
frorn about 15 seem to about 1000 seem. A total reactant gas flow rate of TMCTS-CO2, 
where CO2 is used as a carrier gas is preferably from about 50 seem to 500 seem , flow 
rates for CO2 and Q2 mixture are preferably respectively from about 50 seem to about 500 

30 seem for CO2 and from about 1 seem tp about 30 seem for O2, and flow rate for CO2 
preferably is from about 50 seem to about 500 seem. Reactor pressure during the 
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deposition process between about 50 mToir and fibout 5000 mTorr, and preferably 
between about 100 mTorr and about 3000 mTon: is utilized 

It should be noted that a change m the area of the substrate chuck by a factor, X, i.e., a 
5 change from a value in the range between about 3 00 cm^ and about 700 cm^ will change 
the RF power by a factor, X, from that previously specified. Similarly, a change in the 
area of the substrate chuck by a factor, Y, and a change in the gap between the gas 
distribution plate and the substrate chudc by a factor, Z, from that previously specified, 
will be associated with a change by a factor, YZ, in the gas flow rates from that 
10 previously specified. If a mxjltistation deposition reactor is used, the area of the substrate 
refers to each individual substiate chuck and the flow rates of the gases refer to one 
individual deposition station. Accoidin^y, total flow rates and total power input to the 
reactor are multiplied by a total nimoLber of deposition stations inside the reactor. 

15 The deposited filmR are stabilized before undergoing further integration processing. The 
stabilization process can be performed in a furnace-annealing step at about 300**C to 
about 400''C for a time period between about 0.5 hours and about 4 hours. The 
stabilization process can also be performed in a rapid fhemaal annealing process at 
temperatures above about 300°C. The didectric constants of the films obtained 

20 according to the presait invention are lower than about 2.8 . The thennal stability of the 
films obtained according to the present invention in non-oxidizing ambient is up to at 
least a temperature of about 400**C. 

The electronic devices formed according to the present invention are shown in Figures 6- 
25 9. It should be noted that the devices shown in Figures 6-9, are merely illustrated as 
examples according to the present invention, while countless other devices can also be 
formed according to the present inventioiL 

Figure 6 depicts electronic device 30 that is built on a silicon substrate 32. On top of 
3 0 silicon substrate 32, insulating material layer 34 is formed with a .first region of metal 3 6 
embedded therein. After a chemical mechanical polishing ("CMP") process is conducted 
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on first region of metal 36, a film such as an ultralow-k film 38 is deposited on top of first 
layer ofiiisulatingmataial 34 and first region of metal 36. First lay^ of insulating - 
material 34 may be suitably fomed of silicon oxidej, silicon nitride, doped varieties of 
these materials, or any other suitable insulating materials. Ultralow-k film 38 is patterned 
5 by a photolithography process and conductor layer 40 is deposited therein After a CMP 
process on first conductor layer 40 is carried out, second Igyer of ultralow-k film 44 is 
deposited by a plasma enhanced chemical vapor deposition (*TECVD") process 
overlying first ultralow-k film 38 and first conductor layer 40, Conductor layer 40 may 
be deposited of a metallic conductive material or a non-melallic conductive material. For 
10 instance, a metallic conductive material of aluminum or copper, or a non-metallic 

material such as nitride or polysUioon may be utilized. First conductor 40 is in electrical 
communication with first region of metal 36. 

A second region of conductor 50 is formed, after a photoUthographic process in second 
1 5 ultralow-k film layer 44 is conducted, followed by a deposition process for the second 
^ conductor material. Second conductor 50 may also be deposited of either a metallic 
material or a non-metallic material, similar to that used ia depositing the first conductor 
layer 40. The second region of conductor 50 is in electrical communication with the first 
• region of conductor 40 and is embedded in the second layer of ultralow-k insulator 44. 
20 The second layer of ultralow-k film is in intimate contact with the first layer of insulating 
' material 3 8 . In this specific example, the first layer of insulating material 38, which is an 
ultralow-k material according to the present inveation, serves as an intralevel dielectric 
material, while the second layer of insulating material, i.e., the ultralow-k film 44, serves 
as both an intralevel and an intarlevel dielectric. Based on the low dielectric constant of 
25 the ultralow-k film, superior insulating property can be achieved by first insulating layer 
38 and second insulating layer 44. 

Figure 7 depicts electronic device 60 according to the present invention, similar to that of 
electronic device 30 shown ia Figure 6, but with additional dielectric cap layer 62 
30 deposited betwera first insulating material layer 38 and second insulating material layer 
44. Dielectric cap layer 62 can be suitably formed of a material such as silicon oxide, 
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siUcon nitride, silicon oxynitride, silicon carbide, silicon carbo-oxide (SiCO), modified . 
ultralow-k and their hydrogenated compounds, as well as refi:actoiy metal silicon nitride, 
wherein the rejfractory is selected the group consisting of: Ta, Zr, Hf, and W. 
Additional dielectric cap layer 62 functions as a diffusion barrier layer for preventing 
5 diffusion of first conductor layer 40 into second insulating mate rial layer 44 or into the 
lower layers, especially into layers 34 and 32. 

Figure 8 depicts anoth©' alternate CTibodiment of electronic device 70 according to the 
present inventioa In electronic device 70, two additional dielectric cap layers 72 and 74 

10 that act as an RJE mask and CMP (chemical-mechanical polishing) polish stop layer are 
used. First dielectric cap layer 72 is deposited on top of first insulating material layer 38. 
The fimction of dielectric layer 72 is to provide an end point for the CMP process utiKzed 
in planarizing first conductor layer 40. Polish stop layer 72 can be deposited of a suitable 
dielectric material such as silicon oxide, silicon nitride, silicon oxynitride, silicon caxbide, 

15 silicon carbo-oxide (SiCO), modified ultralow-k and their hydrogenated compounds, as 
well as refiractoiy metal silicon nitride, wherdn the refi:actoiy metal is selected &om the 
group consisting of. Ta, Zr, Hf and W. The top surfece of dielectric layer 72 is at the 
same level as first conductor layer 40. A second dielectric layer 74 can be added on top 
of second insulating material layer 44 for the same purposes. 

20 

Figure 9 depicts still another altomate embodiment of electronic device 80 according to 
the present inventioa In this alternate embodiment, an additional layer of dielectric 82 is 
. deposited and thus divides second insulating material layer 44 into two sq)aiate layers 84 
and 86. Intralevel and interievel dielectrilc layer 44, as dqricted in Figure 8, is therefore 

25 divided into interiayer dielectric layer 84 and intralevel dielectric layer 86 at the 
boundary between interconnect 92 and intaxjonnect 94, as depicted in. Figure 9. An 
additional diffusion barrier layer 96 is further deposited on top of the upper dielectric 
layer 74. The additional benefits provided by this alternate embodiment of the electronic 
stmcture 80 is that the dielectric layer 82 acts as a KDE etch stop providing superior 

30 interconnect depth control, . 
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The following examples are presented to illustrate the fabrication of the ultralow-k 
dielectric film in accordance wifli the present invention as well as to demonstrate 
advantages that can be obtained therefrom: 

5 Example 1 

In this example, according to Figure 3, .a wafer is first prepared by introducing the wafer 
into reactor 1 0 tiirough a slit valve 1 4 and pre-etching the wafer by argon gas. In this 
wafer preparation process, the wafer temperature is set at about 180°C and the argon flow 
rate is set at about 25 seem, to achieve a pressure of about 100 mTorr, A RF power is 
1 0 then turned on to about 1 25 W for about 60 seconds. The RF power and the argon gas 
flow are then turned off. 

The TMCTS precursor is carried into the reactor reactor using He as a carrier gas; He is 
at a pressure of about 5 psig at the inlet to the TMCTS container. The ultralow-k film 
1 5 according to the present invention can be deposited by first establishing gas flows of 
TMCTS+He and CPO to desired flow fates and pressure, i.e., at about 20 seem of 
TMCTS+He and about 6 seem of CPO and about 100 mTorr. A RF power is thai turned 
on at about 1 5 W for a time period of about 50 minutes. The RF power and the gas flow 
are then turned off The wafer is then removed from reaction reactor 10. 

20 

To reduce the dielectric constant of the deposited films and to fiarther improve their 
thermal stability, i.e., to make them stable at temperatures greater than SOO^^C, tbe fi lms 
are post annealed to evaporate the volatile contents and to dimeasionally stabilize the 
fihns. The post annealing process can be carried out in an annealing fiirnace by the 

25 following steps. The furnace is first purged for about 5 minutes (with the fihn samples in 
a load station) with nitrogen at a flow rate of about 10 liters/minute. Hie fikn samples 
are thm transferred into the fimace reactor to start the post annealing cycle of heating the 
films to about 280°C at a heating rate of about 5°C/minute, holding at about 280*'C for 
about 5 minutes, heating at a second heating rate of about 5*'C/minute to about 400°C, 

30 holding at about 400X for about 4 hours, tuniingfliefimiace off and allowing 
samples to cool to a temperature of below about lOO^'C. A suitable first holding 
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temperature may be between about 280°C and about 300°C, while a suitable second 
holding temperature may be between about 300°C and about 40(fC. 

Results of the first embodiment are now discussed in reference to Figures 4 and 5, Figure 
5 4 presents a Fourier transfomi infrared CTTIR'O spectrum of a typical SiCOH film. The 
spectrum displays a strong Si-O absorption band at about 1000-1 100 cm'^ a Si-CHa 
absorption peak at about 1275 cm\ a Si-H absorption band at about 2150-2250 cm'^ and 
small C-H absorption peaks at about 2900-3000 cm"^ The relative intensities of the CH, 
SiH and SiCHa peaks a5i compared to the SiO peak of the SiCOH fihn are presented in 
10 Table 1 herein below. 

Figure 5 presents the FTIR spectrum obtained from an ultralow-k film prepared from a 
mixture of (TMCTS+He)+CPO in accordance with the present invention The spectrum 
displays the Si-O, Si-CHs, and C-H absorption peaks, as in Figure 4. However, the Si-H 

1 5 peak is missing the intensity of the C-H absorption band at about 2900-3000 cm"^ is 
much stronger for the ultralow-k film than for the SiCOH film shown in Figure 4. The 
relative intaisities of the CH, and SiCHs peaks as cornpared to the SiO peak for this film 
are also shown in Table 1. As particularly illustrated in Table 1, the integrated area of C-. 
H peak of the ultralow-k fihn is 40% of the Si-CHs peak, while it is only 2% of the Si- 

20 CH3 peak in the SiCOH film. This is a clear indication that the ultralow-k film contains a 
significant amount of a secondary CH^ (hycfrocarbon) phase in addition to the SiCOH 
phase. Another characteristic of the FTIR spectrum of the ultralow-k film is the splitting 
of the Si-O peak into two peaks at about 1 139 cm'^ and about 1056 cm'\ as particularly 
illustrated in Figure 5. 

25 

Table 1. Relative integrated intensities of FTIR absorption peak 
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Example 2 

In this example, a wafer is prepared as described in Example 1, but the wafer temperature 
is set at about 300°C. The TMCTS precursor is then carried into the reactor using He as 
a carrier gas; He is at apressure of about 5 psig at the inlet to flie TMCTS container. The 
5 ultralow-k film according to tihe present invention can be deposited by first estabUshing 
gas flows of TMCTS+He and CPO to desired flow rates and pressure, i.e., at about lSO ~ 
seem of TMCTS+He and jibout 50 seem of CPO and about 2000 mToir. A RF power is 
then turned on at about 150 W for a time period of about 10 minutes. The RF power and 
the gas flow are llien turned off. The wafer is then remo\'ed firom the reaction reactor 1 0 
1 0 and annealed as described in Example 1 . 

Example 3 

In this example, a reactor containing 6 deposition stations is used. The temperature of the 

wafer chuck is set at about 350'C. The TMCTS precursor is carried into the reactor ' 
15 using a Uquid delivery system at a flowrate of at about 5 ml/min and the CPO is flown at 
a rate of about 900 seem and the pressure is stabilized at about 3000 mTorr. A total RF • . 
power of about 600 W and a low frequency power of about 300 W are applied to the 
reactor. The ultralow-k film deposition is performed on the wafer at each station with the 
wafer moving to the next station after apreset time interval. The wafer is ronoved &om 
20 the reaction reactor after passing the last deposition station, and annealed as described in 
Example 1. 

• In the foregoing examples, the plasma was operated in a continuous mode. In Example 4 
herein below, the plasma is operated in a pulsed mode. 

25 

Example 4 

In this example, the dqjosition is performed under conditions similar to Examide 1, but 
die plasma is operated in apulsed mode, i.e., with a duty cycle of about 50% and a 
plasma-on time of about 50 msec to about 100 msec. After removal of flie wafer from 
30 reactor 10, the wafer with the deposited film is annealed as described in Example 1 . 



21- 



wo 02/43119 



PCT/USOl/50830 



As described in the foregoing examples, the fihns that are prepared have dielectric 
constants in the range of about 2.0 to about 2.25. 

Example 5 

5 • In this examjde, according to Figure 3, a wafer is first prepared by intrbdudng the wafer 
into reactor 1 0 througji a slit valve 1 4 and pre-etching the wafer by argon gas. In this 
wafer preparation process, the wafer temperature is set at about 180°C and the argon flow 
rate is set at about 25 ;3ccm, to achieve a pressure of about 100 mTorr. A RF power is 
then turned on to about' 1 25 W for about 60 seconds. The KF power and the argon gas 
10 flow are then tumed off. 

Hie TMCTS precursor is carried into the reactor reactor using CQ2 as a carrier gas; CO2 
is at a pressure of aboul: 5 psig at the inlet to the TMCTS container. The ultralow-k film 
according to the present invention can be deposited by first establishing gas flows of 
1 5 TMCTS+ CO2 and CPO to desired flow rates and pressure, i.e., at about 20 seem of 
TMCTS+ CO2 and about 1 0 seem of CPO and about 1 00 mTorr. A RF power is then 
tumed on at about 1 5 W for a time period of about 50 minutes. The RF power and the 
gas flow are thea tumed off. The wafer is then removed fiom reaction reactor 10. 

20 To reduce the dielectric constant of the deposited films and to fiirther improve theu" 
thennal stability, i,e., to make them stable at tonperatures greater than 300°C, the films 
are post aimealed to evaporate the volatile contents and to dimensioually stabilize the 
fihns. The post aimealing process can be carried out in an annealing fiunace by the 
following steps. The fiimace is first purged for about 5 minutes (with the film samples in 

25 a load station) with nitrogen at a flow rate of about 1 0 liters/minute. The film samples 
are then transferred into the furnace reactor to start the post annealing cycle of heating the 
fihns to about 280''C at a heating rate of about 5°C/minute, holding at about 280°C for 
about 5 minutes, heating at a second heating rate of about S^'C/mkiute to about 400°C, 
holding at about 400° C for about 4 hours, turning the furnace off and allowing the film 

30 samples to cool to a teniperature of below about 100°C. A suitable first holding 
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temporature may be between about 280°C and about 300^C, while a suitable second 
holding tempQBture may be between about 300°C and about 400^*0. 

Example 6 

5 In this example, a wafer is pr^ared as described in Example 5, but the wafer temperature 
is set at about 300°a The TMCTS precursor is then carried into the reactor using CO2 as 
a cairier gas; CO2 is at a pressure of about 5 psig at the ialet to the TMCTS container. 
The ultralow-k fihn according to the present invention cm be deposited by first 
establishing gas flows of TMCTS+ CO2 and CPO to desired flow rates and pressure, i.e., 
10 at about 150 seem of TMCTS+ CO2 and about 75 seem of CPO and about 2000 mToir. 
A RF power is then turned on at about 1 50 W for a time period of about 1 0 minutes. The 
RF power and tiie gas flow are then tumed off. The wafer is thai removed from the 
* reaction reactor 10 and annealed as described in Example 5. 

15 In the foregoing examples, the plasma was operated in a continuous mode. In Example 3 
herein below, the plasma is operated in a pulsed mode. . 

Example 7 

In this example, the deposition is performed under conditions similar to E5cample 5, but 
20 the plasma is operated in a pulsed mode, i.e., with a duty cycle of about 50% and a 
plasma-on time of about 50 msec to about 1 00 msec. After r^ioval of the wafer from 
reactor 10, the wafer with the deposited film is annealed as described in Exaxaple 5. 

Example 8 

25 In this example, a reactor including 6 deposition stations is used. The temperature of the 
wafer chuck is set at about 350°C. The TMCTS precursor is carried into the reactor 
using a liquid delivery system at a flow rate of about 5 ml/min, the CPO being flown at a 
rate of about 250 seem and the pressure being stabilized at about 4000 mTorr. The CO2 
at a flow rate of about 5000 socm and O2 at a flow rate of about 250 seem are admixed 

30 with the gas mixture of TMCTS and CPO in the reactor. The addition of the CO2 and O2 
mixture stabilizes the plasma and improves the film uniformity. A total high, frequency 
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RF power of about 600 W and a low frequency RF power of about 300 W are applied to 
the reactor. The ultralow-k film dq>osition is perfonned on the wafer at each station- with 
the wafer moving to the next station after a preset time interval. The wafer is removed 
from the reactor after passing the last deposition station, and the wafer may further be 
5 optionally annealed as particularly described in Example 5 hereinabove. 

A rapid thermal annealing C^RTA") process may also be used to stabilize ultralow-k 
films. The films obtained according to the present invention, are characterized by 
didectric constants k less than about 2.8, and are themially stable for integration in a 
1 0 back-end-of-the-line CBEOL'O interconnect structure, which is normally processed at 
temperatures of v?) to about 400°C. The teachings of the present invention can therefore 
be easily adapted in producing fiimg as intralevel and interlevel dielectrics in back-end- 
of-fhe-line processes for logic and memoiy devices. ^ 

15 The method and electronic stmctures formed according to the present invention have 
tharefore been thoroughly demonstrated in the above descriptions and in the appended 
drawings of Figures 1-9. It should be emphasized that the examples of the electronic 
stmctures shown in Figures 6-9 are merely used to illustrate the inventive mdhod that 
can be applied in the fabrication of countless electronic devices. 

20 

While the present invention has been described in an illustrative manner, it should be 
understood that the terminology used is intended to be in a nature of words of description 
rather than of limitatioa 

25 Furthennore, while the present invention has been particularly shown and described with 
respect to a preferred embodiment and several altanate embodiments, it is to be 
appreciated that those skilled in the art may readily apply these teachings to other 
possible variations of the present invention without departing from the spirit and scope of 
the present invention 

30 
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CLAIMS 

1 1 • A method for fabricating a thermally stable ultralow didectric constant 

2 film comprising the steps of: 

3 providing a plasma echanced chemical vapor deposition (PECVD) reactor; 

4 positioning a substrate in said PECVD reactor, 

5 flowing a first precursor gas comprising cyclic siloxane molecules into 

6 said PECVD reactor, 

7 flowing at least a second precursor gas comprising organic molecules with 

8 ring structures having C, H and O atoms into said PEC\T) reactor; and 

^ depositing a film comprising Si, C, O and H and a multiplicity of 

1 0 nanometer-sized pores on said substrate. 

1 ^ 2. The method according to Claim 1, fiirthisr comprising the step of: 

2 mixing said first precursor gas with an inert carrier gas. 

1 3 , The method according to Claim 1, wherein said PECVD reactor is of a 

2 parallel plate type reactor. 

• 1 4. The method according to Claim 1 , wherein said film is optionally 

2 heated after deposition at a temperature not less than about 3 00°C for at least about 0.25 ♦ 

3 hours. 

1 5. The method according to Claim l,wha:ein said film has a dielectric 

2 constant of not more than about 2.8. 

1 6. The method according to Qaim 1, wherein said film has a dielectric 

2 constant ofnot more than about 2.3. 

1 7. The method according to Claim 1, wherein said film has a dielectric 

2 constant in a range firom about 1.5 to about 2.5. 
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1 8. The method according to Claim 1, wherein said film comprises: 

2 between about S and about 40 atomic percent of Si; 

3 between about 5 and about 45 atoiiiic percent of C; 

4 between 0 and about 50 atomic percent of 0; and 

5 between about 10 and about 55 atomic percent of H. 

1 9. The method according to Claim 1, further comprising the step of: 

2 providing a parallel plate reactor having an area of a substrate chuck 

3 between about 300 cin^ and about 700 cm^, and a gap between the substrate and a top 

4 electrode between about 1 cm and about 1 0 cm. 

1 10. The method for fabricating a theraially stable ultralow dielectric 

2 constant film according to Claim 3, said method forther comprising the step of: 

3 applying a KB power to an electrode of said parallel plate PECVD reactor. 

1 11. The method according to Qaim 1, fiirther comprising a step of: 

2 heat treating said film at a temperature not higher than about 300°C for a 

3 first time period and heat treating said film at a temperature not lower than about 3 00°C 

4 for a second time jperiod, said second time period being longer than said &cst time period 

1 12. The method according to Claun 11, wherein said second time period is 

2 at least about ten times that of said first time period. 

1 13. The method according to Claim 1, wherein said cyclic siloxane is 

2 selected firom the group consisting o£ tetramethylcyclotetrasiloxane and- 

3 . octamefhylcyclotetrasiloxane. 

1 14. The method according to Claim 1 , wherein said cyclic siloxane is 

2 tetramethylcyclotdrasiloxane. 
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^ 15. The method according to Claim 1, wherein said organic molecules 

2 comprise species of fused rings induding ring stmctures that impart significant ling- 

3 strain, wherein said ring structures that impart significant ring strain include rings of 3, 4, 

4 7 or more atoms. 

1 1 6. The method according to Claim 1, wher^ said organic molecules are' 

2 cyclopentene oxide. 

1 1 7. The method according to Claim 1 , wherein said step of depositing the 

• 2 film firfher comprises the steps of: 

3 settiiig a temperature fot said substrate at between about 25^C and about 

4 40p°C;and 

5 setting a RF power density at between about 0.05 W/cm^ and about 2.0 

6 wW. 

1 18. The method according to Claim 1 , wherein said step of depositing the 

2 film further comprises: 

3 setting flow rates for said cyclic siloxane at between about 5 seem and 

4 about 1000 seem. 

1 19, The method according to Claim 1 8, wherein said flow rates for said 

2 cyclic siloxane are at between about 25 seem and about 200 seem. 

1 20. The method according to Claim 1, wherein said step of depositing said. 

2 fihn further comprises: 

3 setting flow rates said for said organic molecules at between about 5 seem 

4 and about 1000 seem. 

1 21. The method Claim 20, wherein said flow rates for said organic 

2 molecules are at between about 25 seem and about 200 seem. 
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1 22. The method according to Claim 1, wherein said step of depositing said 

2 filTTi fiirther comprises: 

3 setting a pressure for said PECVD reactor at between about 50 mTorr and 

4 about 5000 mTorr. 

1 23 . The method according to Claim 22, wherein said pressure for said 

2 PECVD reactor is bettween about 100 mTorr and about 3000 mTorr. 

1 24. Tlie method according to Claim 1 , wherein said step of depositing said 

2 film further comprises : 

3 setting a flow rate ratio of organic molecules of cyclopentene oxide to 

4 cyclic siloxane of tetramethylcyclotetrasiloxane to between about 0.1 and about 0.7. 

1 25. The method for fabricating a thermally stable ultralow dielectric* 

2 constant film according to Claim 24, wherein said flow rate ratio of said cyclopentene 

3 oxide to said tetramethylcg^clotetrasiloxane is between about 0:2 and about 0.4. 

1 26. The method according to Clairn 1 , said method fiirther comprising: 

. 2 providing a parallel plate plasma enhanced diamical vapor deposition 

3 chamber. 

1 27, The method according to Claim 1 , wherdn plasma in said PECVD 

2 reactor is run in a continuous mode. 

1 28. Hie method according to Claim 1 , wherein plasma in said PECVD 

2 reactor is run in a pulsed mode. 

1 29. The method according to Claim 9, wherein a change in the area of said 

2 substrate chuck by a factor, X, changes the RP power by a factor, X. 
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1 30. The method according to Claim 9, wherein a change in the area of the 

2 substrate chudc by a fector, Y, and a change m the gap between a gas distribution plate 

3 andtiiesubstratechuckby afector,Z,changesgasflowratesbyafector, YZ, sudithat 

4 residence time in plasma is maintained 

1 3 1 . Hie method according to claim 1 8, wherdn when said PECVD reactor 

2 indudes a pluiaUty of depositions stations then the flow rates of said cyclic siloxane are 

3 multiplied by a total number of deposition stations in s aid PECVD reactor. 



1 

2 the stesps of: 
3 



32. A method for febricating a thennally stable ultialow-k fihn comprising 

providing parallel plate type plasma enhanced cshemical vapor deposition 

4 (PECVD) reactor, 

5 positioning a pre-processed wafer on a substrate chuck having an area 

6 between about 300 cm^ and about 700 cm^ and maintaining a gap between said wafer and 

7 a top electrode between about 1 cm and about 1 0 cm; 

8 flowing a first precursor gas comprising cyclic siloxane molecules into 

9 said PECVD reactor, 

flowing at least a second precursor gas comprising organic molecules with 

11 ring structures having C,H and O atoms; and 

12 dqjositing ari ultralow-k film on said wafer. 

1 33. A metiiod for febricating a thamally stable ultralow-k fihn comprising 

2 the steps of: 

3 providing a parallel plate type plasma enhanced chemical vapor deposition 

4 (PECVD) reactor; 

^ positioning a wafer on a substrate chuck having an area between about 300 ■ 

6 cm and about 700 cm^ and maintaining a gap between the wafer and a top electrode 

7 between about 1 cm and about 10 cm; 

8 flowing into said reactor over said wafer kept at a temperature between 

9 about 25°C and about 400°C, a precursor gas ofa cyclic siloxane at a flow rate between 
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10 about 5 scan and about 1000 scan, and a second precursor gas of organic molecules at a 

1 1 ' flow rate between about S scan and about 1 000 scan, while keeping a pressure in said 

12 reactor between about 50 mToir and about 5000 mTorr; 

13 dq)ositing an ultralow-k film on said wafer under a RF power density 

1 4 between about 0.05 W/an^ and about 2.0 W/an^; and 

15 annealing said ultralow-k film at a temperature not less than about 300^C 

1 6 for at least about 0.25 hour. 

1 34. A method for fabricating a thermally stable ultralow-k film comprising 

2 the steps of: 

3 providing a parallel plate type plasma enhanced chemical vapor deposition 

4 (PECVD) reactor, 

5 positioning a wafer on a substrate chuck having an area between about 500 

6 cm^ and about 600 cm^, and maintaining a gap between the wafer and a top electrode 

7 between about 1 cm and about 7 cm; 

8 flowing a precursor gas of a cyclic siloxane into said reactor ov^ said 

9 wafer kept at a temperature between about 60°C and about 200^C at a flow rate between 

1 0 about 25 seem and about 200 scan and a second precursor of organic molecules at a flow 

1 1 rate between about 1 0 seem and about 120 seem while keeping a pressure in said reactor 

12 between about 100 mTorr and about 3 000 mTorr, 

1 3 depositing an ultralow-k film on said wafer under a RF power density 

14 between about 0.25 W/on^ and about 0.8 W/crn^; and 

1 5 annealing said ultralow-k film at a temperature not less than about 300^C 

16 for at least about 0.25 hour. 

1 35. An electronic structure having layers of insulating material as 

2 intralevel or interievel dielectrics in a wiring structure comprising; 

3 a pre-processed semiconducting substrate having a first region of mrtal 

4 embedded in a first layer of insulating material; . 

5 a first region ofconductor embedded in a second layer of insulating 

6 material formed of an ultralow-k material, said ultralow-k material comprismg Si, C, O 
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3 



5 



1 

2 



4 



1 and H, and a multiplidJy of nanometer-sized pores, said ultralow-k material having i 

2 dielectric constant of not more than about 2.8, said second layer of insulating material 
bang in intimate contact with said first layer of insulating material, said first region of 

4 condudorbeinginelectrical communication withsaidfirstregionofmetal; and 

a second regi on of c onductor being in electrical communication with said 

6 first region of conductor and bemg embedded in a third layer of insulating material 

7 comprising said ultralow-k material, said third layer of insulating material being in 

8 intimate contact wifli said second layer of insulating material. 

1 .36. The electronic stmcture according lo Claim 35. further comprising 

2 dielectric cap layer situated between said second layer of insulating material and said 

3 third layer of insulating material. . 



a 



37. The electronic structure according to Claim 35, further comprising: 
a first dielectric cap layer between said second layer of insulating material 



3 and said third layer of insulating material; and 



a second dielectric cap layer on top of said third layer of insulating 
5 mataial. 



1 38. The electronic structure according to Claim 36, wherein said dielectric 

2 caplayerisformedofamaterialselectedfromthegroupconsistingofsiUconoxide, 

3 silicon nitride, siHcon oxynitride, refractory metal sihcon nitride, silicon carbide, siUcon 

4 carbo-oxide, and carbon doped oxides and their hydrogen-containing compounds. 



1 
2 



1 



39. The electronic structure according to Claim 38, wherein said refractory 
metal siUcon nitride includes a refractory metal selected from the group consisting of Ta, 



3 Zr.HfandW. 



40. The electronic structure according to claim 37, wherein said first 



2 dielectric cap layer and said second dielecfric cap layer are fomaed of amaterial selected 

3 from the groiq) consistmg of siUcon oxide, silicon nitride, siHron oxynitride, refractory 
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1 metal silicon nitride, silicon carbide, silicon carbo-oxide, carbon doped oxides and their 

2 hydrogen-containing compounds. 

1 * 41. Hie electronic structure according to Claim 40, wherein said refractory 

2 metal silicon nitride includes a refractory metal selected from the group consisting of Ta, 

3 Zr,HfandW. 

42. The electronic structure according to Claim 35, wherein said first lay^^r 
of insulating material is one selected from the group consisting of siUcon oxide, sihcon 
nitride, phosphosilioaie glass (PSG), borophosphosilicate glass (BPSG), and other doped 
varieties of these materials. 



1 43. Tlie electronic stmcture according to Claim 35, further comprising: 

2 a difibsion barrier layer of a dielectric material deposited on at least one of 

3 said second layer of insulating material and said third lay^ of insulating material. 

1 44. The electronic stmcture according to Claim 35, further comprising: 

2 a dielectric reactive ion etching (RIE) hard niask/polish stop layo: on top 

3 of said second layer of insulating material, and 

4 a didectricdiffuision barrier layer on top of said RIE hard mask/polish 

5 stop layer. 



1 
2 
3 
4 



1 45. The electronic stmcture according to Claim 35, further comprising: 

2 a first dielectric RIE hard mask/polish stop layer on top of said second 

3 layer of insulating material; 

4 a first dielectric difiEusion barrier layer on top of said first dielectric RIE 

5 hard mask/polish stop layer; 

6 a second dielectric RIE hard mask/poUsh stop layer on top of said third 

7 layer of insulating material; and 
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1 



1 



a second dielectric difiusion barrier layer on top of said second dielectric 



2 RIE hard mask/pdish stop lay©:. 



46. The dectronic structure according to claim 45, further comprising 

2 a dielectric cap layer between an interievel dielectric of an ultralow-k 

3 material and an intralevel dielectric of an ultralow-k material. 



V 47. An electronic structure having layers of iiisdating material as • 

2 intralevel or interievel dielectrics in a wiring structure comprisi^^^ 

3 a pre-processed semiconducting substrjjte having a first region of metal 

4 embedded in a first layer of insulating material; and 

5 at least one first region of conductor embedded in at least one second layer 

6 of insulating material formed of an ultralow-k material, said ultralow-k material 

7 consisting essentially of Si, C, O and H, and a multiplicity of nanometer-sized pores, said 

8 uitralow-k material having a dielectric constant of not more than about 2,8, one of said at 

9 least one second layer of insulating material bemg m intimate contact with said first layer 

10 of insulating material, one of said at least one first region of conductor being in electrical 

1 1 communication with said first region of metal. 

1 48. The electronic stmcture according to Qaim 47, fiirther comprising: 

2 a dielectric cap layer situated between each said at least one second layer 

3 of insulating material. 

1 49. The electronic structure according to Claim 47, fiirtha: coiriprising: 

2 a first dielectric cap layer between each of said at least one second layer of 

3 insulating material; and 

4 a second dielectric cap layer on top of said topmost second layer of 

5 insulating material. 
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1 50. The electronic structure according to Claim 49, wherein said first 

2 dielectric cap layer and said second dielectric cap layer are formed of an ultralow-k 

3 mateiial. 

1 51. The electronic structure according to Claim 49, wherein said first 

2 dielectric cap layer and said second dielectric cap layer are formed of a modified 

3 ultralow-k material. 

1 52. The electronic structure according to Claim 48, wherein said dielectric 

2 cap layer is formed of a material selected firom the group consisting of silicon oxide, 

3 silicon nitride, siliam oxynitride, refiractory metal silicon nitride, silicon carbide, silicon 

4 carbo-oxide, caibon doped oxides and their hydrogen-containing compounds. 

1 53. Tlie electronic structure according to Qaim 52, wherein said refiractory 

2 metal silicon nitride includes a refiractory metal selected firom the group consisting of Ta, 

3 Zr,HfandW. 

1 54, An electronic stmcture having layers of insulating material as 

2 intralevel or interlevel dielectrics in a wiring stmcture comprising: 

3 a pre-processed semiconducting substrate having a first region of metal 

4 embedded in a fibrst layer of insulating material; 

5 a first region of conductor embedded in a second layer of insulating 

6 material, said second layer of insi4ating material bang in intimate contact with sa^^ 

7 layer of insulating material, said first region of conductor being in electrical 

8 communication with said first region of metal; 

9 a second region of conductor being in electrical conununication with said 

1 0 first region of conductor and being embedded in a third layer of insulating material, said 

1 1 third layer of insulating material being in intimate contact with said second layer of 

12 insulating material; 

13 a first dielectric cap layer between said second lay^ of insdating material 

14 and said third layer of insulatiag material, and 
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^5 a second dielectric cap layer on top of said third layer of insulating 

1 6 material wherein said first and said second dielectric cap layers are formed of an 

17 ultralow-k dielectric material, said ultralow-k material comprising Si, C, 0 and H, and a 

18 multiplidty of nanometer-sized pores, said ultralow-k material having a dielectric 

19 constant of not more than about 2.8. 

1 • 55. An electronic structinre having layers of insulating material as 

2 intralevel or interlevel dielectrics in a wiring stmcture comprising: 

3 a pre-processed semiconducting substrate having a first region of mdal 

4 embedded in a first layer of insulating material; 

5 a first region of conductor embedded in a second layer of insulating 

6 material, said second layer of insulating material being in intimate contact with said first 

7 layer of insulating material, said first region of conductor being in electrical 

8 communication with said first region of metal; 

9 a second region of conductor being in electrical communication with said 

10 first region of conductor and being embedded in a third layer of insulating material, said 

1 1 third layer of insulating material being in ultimate contact with said second layer of 

12 insulating material; and 

13 a dijSusion barrier layer formed of a material comprising an ultralow-k 

14 dielectric material deposited on at least one of said second layer and said third layer of 

1 5 insulating material, said ultralow-k material comprising Si, C, O and H, and a multiplicity 

16 of nanometer-sized pores, said ultralow-k material having a dielectric constant of not 

17 more than about 2.8. 

1 56. An electronic stmcture having layers of insulating material as 

2 intralevel or intorlevel dielectrics in a wiring stmcture comprising: 

3 a pre-processed semiconducting substrate having a first region of metal 

4 embedded in a first layer of insulating material; 

5 a first region of conductor embedded in a second layer of insulating 

6 material, said second layer of insulating material being in intimate contact with said iSrst 
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1 layer of insulating material, said first region of conductor being in electrical 

2 communication with said first region of metal; 

3 a second region of conductor being in electrical communication with said 

4 first region of conductor and being embedded in a third layer of insulating material, said 

5 third layer of insulating material being in intimate contact with said second layer of 

6 insulating material; 

7 a reactive ion etching (RIE) hard mask/polish stop layer on top of said 

8 second layer of ins ulating material, and 

9 a difiusion barrier layer on top of said REE hard mask/polish stop layer, 



1 0 wherein said RIE hard mask/polish stop layer and said difiusion barrier layer are formed 

11 of a an iiltralow-k dielectric material, said ultralow-k material comprising Si, C, O and H, 

12 and a multiplidty of nanometer-sized pores, said ulttalow-k material having a dielectric 

1 3 constant of hot move than about 2.8. 



1 57. An electronic stmcture having layars of insulating material as 

2 uitralevel or interlevel dielectrics in.a wiring stmcture comprising: 

3 a pre-processed semiconducting substrate having a first region of metal 

4 embedded in a first layer of insulating material, 

5 a first region of conductor embedded in a second layer of insulating 

6 material, said second layer of insulating material being in intimate contact with said first 

7 layer of insulating material, said first region of conductor being in electrical 

8 communication with said first region of metal; 

9 a second region of conductor being in electrical communication with said 

1 0 first region of conductor and being embedded in a third layer of insulating material, said 

1 1 third layer of insulating material being in intimate contact with said second layer of 

12 insulating matoial; 

13 a first RIE hard mask/polish stop layer on top of said second layer of 

14 insulating material; 

15 a first diSiision barrier layer on top of said first RIE hard mask/polish stop 

16 layer; 
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^ ^ a second RIE hard mask/polish stop layer on top of said third layer of 

18 insulating material; and 

a second difEusionbairia: layer on top ofsaid second REE haid 

20 mask/poHsh stop layer, ^erdn said RIE hard mask/polish stop layers andsaid difiusion 

21 banier layers are formed o f a ultralow-k didechic material comprising Si, C, O and H, 

22 and a multiplidty of nanometer-sized pores, said ultralow-k material having a didecteic 

23 constant of not more thaii about 2.8. 

1 58. The electronic stmcture accordinj; to Claim 57, further comprising a 

2 didectric cap layer formed of a material comprising said ultralow-k dielectric material 

3 situated between an interlevel dielectric layer and an intralevd dielectric layer. 



1 



59. A method for fabricating a themially stable ultialow dielectric constant 

2 film comprising the steps of: 

3 providing a plasma enhanced chemical vapor deposition (PECVD) reactor, 

4 positioning a substrate in said PECVD reactor, 

5 flowing a first precursor gas comprising cychc siloxane molecules into 

6 said PECVD reactor, 

7 flowing at least a second precursor gas comprising organic molecules with 

8 ring stractures having C, H and O atoms mto said PECVD reactor;and 

9 depositing a film comprising Si, C, O and H and a multiplidty of 
nanometer-sized pores on said substrate in presence of CO2 or CQi and O2. 



10 



1 



60. The method according to Claim 59, fiirlher comprising a step of 



2 mixing said first precursor gas with COz. 

1 61. The method according to Claim 59, fiirthffl- comprising a step of 

2 mixing said first precursor gas and said second precursor gas with CO2 or a mixture of 

3 C02and02. 
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1 62. The method according to Claim 59, wherein said PECVD reactor is of 

2 a parallel plate type react or, 

1 63 . The method according to Claim 59, wherein said film is optionally 

2 . heated after deposition at a temperature not less than about 300°CJor at bast about 0.25 

3 hours. 

1 64 , The method according to Claim 59, wherein said fihn has a dielectiic 

2 constant of not more than about 2,8 . 

1 65. The method according to Claim 59, wherein said film has a dielectric 

2 constant ofnotmore than about 2.3. 

1 66. The method according to Claim 59, wherein said film has a dielectric 

2 constant in a range from about L5 to about 2,5. 

1 67. The method according to Claim 59, wherein said film comprises: 

2 between about 5 and about 40 atomic percent of Si; 

3 between about 5 and about 45 atomic percmt of C; 

4 between 0 and about 50 atomic percent of O; and 

5 between about 10 and about 55 atomic percent of H. 

1 68, The method according to Claim 59, fiuther comprising the step of: • 

2 providing a parallel plate reactor having an area of a substrate chuck 

3 between about 300 cm^ and about 700 cm^ and a gap between the substrate and a top 

4 electrode betweai about 1 cm and about 1 0 cm. 

1 69. The method for fabricating a thermally stable ultralow dielectric 

■ 2 constant fihn according to Claim 62, said method further comprising the step of: 

3 applying a RF power to an electrode of said parallel plate PECVD reactor. 
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^ 70. The method according to Claim 59, ftirthercompri 

2 Ji^eattreatiiig said jSlm at a temperature not higher than about 300°^ 

3 first timeperiod and heat treating said fihn at a temperature not lower than *out300°C 

4 for a second time period, said second time period being longer than said first time period. 

1 71. The m^od according to Claim 69, wherein said second timepoiod is 

2 at least about ten times that ofsaid first time paiod, 

1 72. Hie mdiod according to Claim 59, wherein said cyclic siloxane is 

2 selected fiom the group consisting of: tetramethylcyclotdrasiloxane and 

3 octamdhylcyclotetrasiloxane. 

^ 73. The method according to Claim 59, wherein said cyclic siloxane is 

2 tetram^yicydotetrasiloxane. 

^ 74. The method according to Claim 59, wherein said organic molecules 

2 comprise species of fused rings including ring structures that impart significant ring 

3 strain, wherein said ring structures that impart significant ring strain include rings of 3, 4, 

4 7ormoreatoms. 

1 75. The method according to Claim 59, wharein said organic molecules 

2 are cyclopoitene oxide. 

1 76. The method according to Claim 59, wherein said step of depositing the 

2 fihn fiirther comprises the steps of: 

3 settuig a temperature for said substrate at between about 25°C and about 

4 400°C; and 

5 setting a KF power density at between about 0.05 W/cm^ and about 2.0 

6 W/cml 
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1 77. The method according to Claim 60, wherein said step of depositing the 

2 fihn further comprises: 

3 setting a flow rate for said cyclic siloxane at between about 5 seem and 

4 about 1 000 seem and siting a flow rate for said CO2 at between about 25 seem and 1 000 

5 seem. 

1 78. The method according to Claim 77, wherein said flow rate for said 

2 cyclic siloxane is set at between about 25 seem and about 200 seem and said flow rate 

3 for said CO2 is set at between about 50 seem and about 500 seem. 

1 79. The method according to Claim 60, wherein said step of depositing 

2 said film further comprises: 

3 setting flow rates said for said organic molecules at between about 5 seem 

4 and about 1000 seem. 

1 80. The method Claim 79, wherein said flow rates for said organic 

2 . molecules are at between about 25 seem and about 200 seem. 

1 81. The method according to Claim 6 1 , wherein said step of depositing the 

2 film farther comprises: 

3 , . setting a flow rate for said CO2 at between about 25 seem and about 1 000 

4 seem and setting a flow rate for said O2 at between about 0.5 scan and about 50 seem. 

1 82. The method according to Claim 8 1 , wherein said flow rate for said 

2 CO2 is set at between about 50 seem and about 500 seem and said flow rate for said O2 is 

3 set at between about 1 scon and about 30 seem. 

1 83. The method according to Claim 59, wherein said step' of depositing 

2 said Sim furtho: comprises: 
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1 setting a pressure for said PECVD reactor at between about 50 mTocr and ' 

2 about 5000 mTorr. 

1 84. The method according to Claim 83, wherein said pressure for said 

2 PECVD reactor is between about 100 mTorr and about 4000 mTorr. 



1 85. The m^od according to Claim 59, wherem said step of depositing 

2 said film further comprises: 

3 setting a flow rate ratio of organic molecules of q/clopentene oxide to 

4 . cyclic siloxarie of tetramethylcyclotetrasiloxane to between about 0.1 and about 0.7. 

1 86. The method for fabricating a thennally stable ultralow dielectric 

2 constant film according to Qaim 83, wherein said flow rate ratio of said cyclopentene 

3 oxide to said tetramethylcyclotdxasiloxane is between about 0.2 and about 0.4. 

1 87. The method according to Claim 59, said method further comprising: 

2 providing a parallel plate plasma enhanced chemical vapor deposition 

3 chamber. 

1 88. The method according to Claim 59, wherein plasma in said PECVD 

2 reactor is run in a continuous mode. 

1 89. The method according to Claim 59, wherein plasma in said PECVD 

2 reactor is run in a pulsed mode. 

1 90. The method according to Claim 68, wherein a change in the area of 

2 said substrate chuck by a factor, X, changes the RF power by a factor, X 

1 91. The method according to Claim 68, wherein a change in the area of the 

2 substrate chuck by a factor, Y, and a change in the gap betweea a gas distribution plate 
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1 and the substrate chuck by a factor, Z, changes gas flow rates by a factor, YZ, such that 

2 lesideace time in plasma is maintained. 



1 92. The method according to claim 77, wherein when said PECVD reactor 

2 indudes a plurality of depositions stations then the flow rates of said cyclic silo xane are 

3 multiplied by a total number of deposition stations in said PECVD reactor. 

1 93. A method for fabricating a thennally stable ultralow-k fihn compdsing 

2 ■ the steps of: 

3 providing parallel plate type plasma enhanced chemical vapor deposition 

4 (PECVD) reactor, 

5 positioning a pre-processed wafer on a substrate chuck having an area 

6 between about 300 cm^ and about 700 cm^ and maintaining a gap between said wafer and 

7 a top electrode between about 1 cm and about 1 0 cm; 

8 flowing a first precursor gas comprising cyclic siloxane molecules into 

9 said PECVD reactor; 

1 0 flowing at least a second precursor gas comprising organic molecules with 

1 1 ring structures having C, H and O atoms; and 

12 depositing an ultralow-k fihn on said wafer in presence of CO2 or CO2 and 

13 O2. 

1 94. The method according to Claim 93, further comprising a step of 

2 nnxing said first precursor gas with CO2. 

1 95: The method according to Claim 93, fiartha: comprising a step of 

2 inixing said first precursor gas and at least said second precursor gas with C(^ 

3 mixture of CO2 and O2. 

1 96. The method according to Claim 94, wherein said step of depositing the 

2 fihn fiirtho: comprises: 
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1 



settingaflowrateforsaid jBrstprecursoratbetweenaboutSsc^ and 
2 about 1000 seem and setting a flow rate forsaid CQ2 at between 25 sccan and 1000 



1 



seem. 



97. The method according to Claim 96, vvherain said flow rate for said 

2 first precursor is set at between about 25 seem and about 200 seem and said flow rate for 

3 said CO2 is set at between about 50 seem and about 500 seem. 



1 98. The method according to Claim 95, wherein the step of depositing the 

2 film fiirther comprises: 

3 setting a flow rate for said CO2 at between about 25 seem and about 1000 

4 seem and a flow rate for O2 at between about 0.5 seem and about 50 seem. 

1 99. The method according to Claim 98, wherein said flow rate for said 

2 CO2 is set at between about 50 seem and about 500 seem and said flow rate for said O2 is 

3 set at between about 1 scan and about 30 seem. 

1 100. A method &>x fabricating a thermally stable ultralow-k fihn 

2 comprising the steps of: 

3 P^^<iiJ^g a paraUel plate type plasma enhanced chemical vapor deposition 

4 (PECVD) reactor, 

5 positioning a wafer on a substrate chuck having an area between about 300 

6 em^ and about 700 cm^ and maintaining a gap between the wafer and a top electrode 

7 between about 1 cm and about 10 cm; 

^ flo^gi^to said reactor over said wafer kept at a temperature between 

9 about 25°C and about 400°C, a first precursor gas of a cyclic siloxane , and a second 

lb. precursor gas of organic molecules , while keeping a pressure in said reactor between 

11 about 50 mTorr and about 5000 mToir; 

, d^ositing an ultralow-k film on said wafer under a RF power density 

1 3 between about 0.05 W/cm' and about 2.0 W/cm' in preseace of CO2 or CO2 and O2; and 
^ ^ annealing said ultralow-k film at a temperature not less than about 3pO°C 

15 for at least about 0.25 hour. 
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1 101. The method according to Claim 1 00, further compnsing a step of 

2 mixing said first precursor gas with CO2. 

1 102. The method according to Qaim 100, further comprising a step of 

2 mixing said first precursor gas and at least said second precursor gas with CO2 or a 

3 mixture of CO2 and O2. 

1 1 03 , The method according to Claim 101, wherein said step of depositing 

2 the fikn fiirfher comprises: 

3 sotting a flow rate for said fibrst precursor at between about 5 seem and 

4 about 1 000 seem and setting a flow rate for said CO2 at between about 25 seem and about 

5 1000 seem. 

1 1 04. The method according to Claim 1 03, wherein said flow rate for said 

2 first precursor is set at between about 25 seem and about 200 seem and said flow rate for 

3 said CO2 is set at between about 50 seem and about 500 seem. 

1 1 05 . The method according to Claim 1 02, wherdn the step of depositing 

2 the film fiirtha: comprises: 

3 setting a flow rate for said CO2 at between about 25 scan and about 1000 

4 seem and a flow rate for O2 at between about 0.5 XX seem and about 50 YY seem. 

1 1 06. The method according to Claim 1 05, wherein said flow rate for said 

2 CO2 is set at between about 50 seem and about 500 seem and said flow rate for said O2 is 

3 set at between about 1 seem and about 30 seem. 

1 1 07. A method for fabricating a thermally stable ultralow-k film 

2 comprising the stq}S of: 

3 providing a parallel plate type plasma enhanced chemical vapor deposition 

4 (PECVD) reactor. 
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1 positioning a wafer on a substrate chuck having an area betwem about 500 

2 cm^ and about 600 cm^ and maintaining a gap between the wafer and a to^ 

3 between about 1 cm and about 7 cm; 

4 flowing a first precursor gas of a cyclic siloxane into said reactor over said 
^ 5 wafer kept at a traperature between about 60°C^and about 200°C and a second pi^cuisor 

6 of organic molecules while keeping a pressure in said reactor between about 100 mToir 

7 and about 3000 mToir, 

^ dq)Ositing an ulttalow-k fihn on sard wafer under a RF po wo* density 

9 between about 0.25 W/cm^ and about 0,8 W/cm^ ill presence ofC02 or CO2 and 

^ ^ annealing said ultralow-k fihn at a temperature not l^s than about 300®C 

11 for at least about 0.25 hour 

1 • 1 08. The m^od according to Claim 107, further comprising a step of 

2 mixing said first precursor gas with CO2. 

1 109. Ite method according to Qaim 107, further comprising a step of 

2 nuxing said first precursor gas and at least said second precursor gas with CO2 or a 

3 mixture of CO2 and O2. 

1 1 10. The method according to Claim 108, wherein said step of depositing 

2 the fihn fiirfher comprises: 

3 setting a flow rate for said first precursor at between about 5 seem and 

4 about 1000 seem and setting a flow rate for said CO2 at between about 25 XX seem and 

5 about 1000 seem. 

1 1 1 1 . The method according to Claim 1 10, wherein said flow rate for said 

2 first precursor is set at between atout 25 seem and about 200 seem and said flow rate for 

3 said CO2 is set at between about 50 scciri and about 500 seem. 
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1 12. The method according to Claim 109, wherein the step of depositing 



2 the film further comprises: 
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1 setting a flow rate for said CO2 at between about 25 sccan and about 100 

2 seem and a flow rate for O2 at between about 0.5XX seem and about 50 seem. 

1 113. The m^od according to Claim 1 12, wherein said flow rate for said 

2 CO2 is set at betvv^een about 50 seem and about 500 seem and said flow rate for said O2 is 

3 set at between about 1 seem and about 30 seem. 

1 :( 14. A method for fabricating a thermally stable ultralow dielectric 

2 constant fihn aunprising the steps of: 

3 providing a plasma enhanced chemical vapor deposition (PECVD) reactor, 

4 positioning a substrate in said PECVD reactor, 

5 flowing a first precursor gas comprising cyclic siloxane molecules using 

6 CO2 as a carrier gas into said PECVD reactor; 

7 flowing at least a second precursor gas comprisiog organic molecules with 

8 ring stmctures having C, H and O atoms into said PECVD reactor; and 

9 depositing a fihn comprising Si, C, O and H and a multiplicity of 
1 0 nanometer-sized pores on said substrate in presence of said CO2. 

1 115. The method according to Claim 114, wherein a flow rate of said first 

2 precursor is from about 5 seem and about 1 000 seem and a flow rate of said CQ2 is from 

3 about 25 seem and about 1000 seem. 

1 116. lie method according to Claim 1 15, wherein the flow rate for said 

2 first precursor is from about 25 seem to about 200 seem and the flow rate of said CO2 is 

3 from about 50 seem to about 500 seem. 

1 1 17. A method for fabricating a thermally stable ultralow dielectric 

2 constant film comprising the steps of: 

3 providing a plasma enhanced chemical vapor deposition (PECVD) reactor; 

4 positioning a substrate in said PECVD reactor; 
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1 flowing a first precursor gas comprising cyclic siloxane molecules into 

2 said PECVD reactor; 

3 flowdng at least a second precursor gas comprising organic molecules with 

4 ring stmctures having Q H and O atoms into said PECVD reactor; 

5 . flowing CO2 i nto said PECVD reacton 

^ depositing a film con5)rising Si, C, O and H and a mifltiplidty of 

7 nanomder-sized pores on said siabstrate in presence of said CO2. 

1 1 1 8. The method according to Qaim 1 17, whereia a flow rate of said COz 

2 is firom about 25 seem and about 1000 seem. 

1 1 19. The method according to Claim 1 18, wherein the flow rate of said 

2 CO2 is firom about 50 seem to about 500 seem, 

1 120. A method for fabricating a thermally stable ultralow dielectric 

2 constant film comprising the stq)s of: 

3 providing a plasma enhanced chemical vapor deposition (PECVD) reactor; 

4 positioning a substrate in said PECVD reactor; 

5 flowing a first precursor gas comprising cyclic siloxane molecules into 

6 said PECVD reactor, 

7 flowing at least a second precursor gas comprising organic molecules with 

8 ring stmctures having Q H and O atoms into said PECVD reactor, 

9 flowing a mixture of CO2 and O2 into the PECVD reactor; and 
depositing a fikn comprising Si, C, O and H and a multiplicity of 

1 1 nanometer-sized pores on said substrate in preseuce of said CO2 and O2. 

1 121 . The method according to Claim 120, wherein the CO2 is flown at a 

2 flow rate from about 25 seem to about 1000 seem and said O2 is flown at a flow rate fiom . 

3 about 0.5 seem to about 50 seem. 
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1 122. The method according to Claim 121, wherein the flow rate of CQz is 

2 fonn about SO seem to about 500 seem and the flow rate of said O2 is from about 1 seem 

3 to about 30 seem. 
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where m = 0 to 5 and n •= 0 to 10 



FIG. 1 




where I = 0 to 5, m = Oto 10; and n =0to 10 
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